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(57) Abstract 

Porous expanded polytetrafluoroethylene material having a microstructure of nodes interconnected by fibrils wherein a 
surface of the material has been modified to have increased hydrophobicity as indicated by having a water droplet roll-off angle 
of less than about 10 degrees in comparison to a typical roll-off angle of greater than about 12 degrees for the unmodified materi- 
al. Under magnification, the surface morphology may be indistinguishable from that of the unmodified precursor material. The 
modification is preferably done by exposing the surface to radio frequency gas plasma discharge with a reactive etching gas for a 
lengthy amount of time such as about ten minutes. If surface etching is continued beyond a time adequate to produce the highly 
hydrophobic behavior, then the surface morphology includes the appearance of broken fibrils. Still further treatment results in 
complete removal of fibrils from the surface so that under magnification the surface has the appearance of freestanding node por- 
tions not interconnected by fibrils but rather having open valleys disposed between the freestanding node portions. 
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TITLE OF THE INVENTION 

Surface Modified Porous Expanded Polytetrafluoroethylene and 

Process for Making 



FIELD OF THE INVENTION 

This invention relates to surface modified porous expanded 
polytetrafluoroethylene and a method for making it. 

BACKGROUND OF THE INVENTION 

It has long been known to use various surface modification 
10 techniques including glow discharge plasma to change the surface 
characteristics of polymeric materials. For example, it may be 
advantageous to improve the bondability of an implantable polymenc 
medical device or to change the wettability of a polymeric fabric. 
Fluorocarbons have frequently been used as both the surface modified 
15 substrate materials and as materials used to modify surfaces of other 

polymeric substrates. 

These surface modifications can take several forms. Plasma 
polymerization by radio frequency gas plasma using polymerizing gases 
can polymerize a new material onto the surface of another substrate. 

20 Unsaturated fluorocarbon gas plasmas can be used, for example, to 
polymerize a fluorocarbon layer onto a polystyrene substrate. 
Alternatively, plasma activation is used with non-polymer forming 
oases such as oxygen or saturated fluorocarbons to chemically modify a 
substrate surface. The plasma activation of a fluoropolymer substrate 

25 surface with oxygen gas, for example, can result in the replacement of 
fluorine atoms from the substrate surface with oxygen in order to 
enhance the wettability of that surface. Still another technique is 
plasma cleaning or plasma etching where a reactive gas plasma is used 
to etch or roughen a surface by removing quantities of the substrate 

30 material comprising the surface. This can be done surface 

cleaning or for increasing bondability, for example. Etching can also 
be accomplished with other energy sources such as ion beams Masking 
techniques can be used to selectively etch portions of a surface to 



WO 92/22604 



PCT/US92/04812 



-2- 



10 



15 



20 



25 



30 



35 



nroduce a desired pattern. Alternatively, specific surface patterns 
'/a n b e produced 1. pol^ic surfaces b, m.,d1n, techniques we,, known 

to r.r;:^:ir.;.::-pT.». * »- ~* 

.11 c sldered to be specific types of plasma treatment but re not 
L de^ s mutually excuslve categories. Tbe plasma etc ,ng of 
Z substrates to enhance bondab„1ty ft. for example, sometimes 

ciii r.rtTc,:Tr M , - - 

P,„« t. ne-e» 9 ineer Surfaces, nancy B. Hateo. Sept/Oct 990, . 
provides a general description of known gas plasma surface 
edification methods. The author states that increase surface 
"«lb,my and adhesiveness are among the most routine uses for gas 

"Ti. Patent 4,919.659 to Horbett. et a,., teaches the 
.edification of bio-materia, surfaces by radio frequency plasma ,n 

r ance the growth of ce„ cultures on the b,o-mater,a 
surfaces The modification involves the plasma polymemat^n of 
v^oat layers onto a surface of an Implantable b1o-materia, 

a y A.H. Garflnkle et a,.. ("Improved Patency 1n Small 
Diameter Dacron Vascular Grafts After a Tetrafluoroethylene Glow 

c a4 Treatment," presented at tbe Second Wor,d Congress . 
Blomaterlals 10th Annua, Heating of the ^£5%. 

of Sacron vascular grafts by depositing thereon a coatmg of 
^ttrtfcH Tran and D. Walt (Plasma modification and 

of ZZ electrical ,,ow discharge plasma deposition ayatems to clean 
a „d coat the luminal surface of porous expanded 
oolytetrafluoroethylene GORE-TEX® Vascular Grafts. Cleaning 

plasma for one hour followed consecutive,, by plasm 
Zl-auon with bexane and anhydrous " ~ 

The grafts were then coated with c.,Ug... We tab 1 ' / 

modified polytetrafluoroethyleoe (hereinafter PTFE) 
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to be increased. Y.S. Yen et al. (Blood Compatibility of Surfaces 
Modified by Plasma Polymerization. Journal of Biomedical Materials 
Research 1988 22;795-818) used rf gas plasma in a hexafluoroethane/H 2 
atmosphere to polymerize the surface of GORE-TEX Vascular Grafts. 
They described the surface morphology of the treated graft surfaces as 
being indistinguishable from untreated graft surfaces. 

Y Iriyama et al. (Plasma Surface Treatment on. Nylon Fabrics by 
Fluorocarbon Compounds. Journal of Applied Polymer Science 1990 
39;249-264) plasma polymerized or alternatively plasma activated nylon 
fabrics with low temperature fluorocarbon plasmas so as to increase 
the hydrophobic^ of these fabrics. They found water droplet roll- 
off angle to be a better indicator of rough surface hydrophobic! ty 
than measurements of water droplet contact angles. A good description 
of the method of making water droplet roll-off angle measurements is 
15 provided. 

In U S P. 4,946,903, J. Gardella et al., teach plasma activation 
of fluoropolymers with radio frequency glow discharge to increase the 
wettability of their surfaces. This is accomplished by substituting 
hydrogen and oxygen or oxygen-containing radicals- for fluorine atoms 
in the surface of the fluoropolymer. Porous expanded PTFE was used as 
an example fluoropolymer. 

M Morra et al., (Contact Angle Hysteresis in Oxygen Plasma 
Treated Polytetrafluoroethylene, Langmuir 1989 5;872-876; Surface 
Characterization of Plasma-Treated PTFE, Surface and Interface 
Analysis 1990 16;412-417), exposed non-porous PTFE surfaces to both 
oxygen and argon gas plasmas. With oxygen plasmas they found that 15 
minute treatments produced extensive plasma etching of the surface 
while argon treatment for the same time did not alter surface 
smoothness. The argon treated surfaces were found to be more 
hydrophilic than the untreated precursor material. Morra also 
described that the roughened surface resulting from oxygen plasma 
treatment showed increased hydrophobic^ as a direct function of the 
increased surface roughness, with water advancing contact angles up to 
166 degrees. 

35 U.S. Patent 4,933,060 to Prohaska, et al., teaches the plasma 

modification of a fluoropolymer surface by treatment with reactive gas 
plasma comprising primarily water, in order to increase the adhesive 
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«' k ...^roc The surfaces are rendered hydrophilic, 
bondability of such surfaces, me surras 
p arentiy by the defluorination and oxidation of the sur ace. 
U.S. Patent 4,064,030 to J. Hakal et »1„ descnbes the 

sputter etching with 1« beams in order to provide better 
They state that their treated surfaces have superior adhering 

ert.es not atU.nab.e with conventional glow discharge re «e ■ 
Zl et .1.. noted that wettabiiity of a surf ace can be mod^ed by 
„ treaiment time, discharge power or «— fc 7«"' ^ 
no modified surfaces were described as being ..re Me than 

untreated PTFE having contact angles up to about 120 degrees. 

r" e by S R. Tayior, et al., -Effect of Surface Tex ure On 
The soft Tissue Response To Polymer Implants,- Journal 
HZu Research .033 ,7,»-«. dohn wiley , Sons nc., escnbes 
i„„ beam etching by sputtering of non-porous PTFE surfaces. A 
2«Z x ured PTFE surface having conical projections was produced 
modlfieo text microns, a mean 

wherein the projections had a mean neignt or 
base width of about 4 microns and a mean tip rad,us of about 0 1 
o . Little or no apparent chemical changes in the mod .ed 
surface were detected, when implanted in a living body, these 
iTed PTFE surfaces produced fibrous capsuies of - SOercent of 
the thickness of fibrous capsules produced by un ^ « 



surfaces. The modified surfaces also demonstrated increased cell 
dhesion. Contact angle measurements were used to determ,ne the 
surflce energy of the modified PTFE surfaces, however, no results of 
surface energy »■ nnwided for 



the modified textured PTFE surfaces because of w^ng of the 

diagnostic liquids on those surfaces. . <M ,.t. H »l s ■ 

Picha et al., Clon-Beam Hicrotexturlng of B .» terUl , 
medical Device and Diagnostic Industry, vol. 6 no. 4, Apnl 1984) 
«cr1be the manufacture of textured surfaces in non-porous PTFE and 
Methane by etching surfaces with lon-beams, with an without the 
optional use of sputter masks, for the purpose of Increase 

^tr^tent 4.g 5 S.gog to Ersek et a,., describes textured 
silicone surfaces for implantable materials wherein the surfaces 
a series of formed pillars with valleys disposed between 
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them. The textured surface is produced by thrusting specifically 
selected molecules against a non-porous silicone rubber surface with 
sufficient impact to produce pillars or projections of 20 to 500 
micron size. 

5 U.S. Patents 4,767,418 and 4,869,714 to De1n1nger et al., 

describe a male mold useful for making tubular vascular grafts, the 
surface of the mold comprising a series of pillars. The basis for the 
mold is created by sputter-coating a layer of gold film onto the 
surface of a PTFE cylinder. The pillars are then formed by 

10 selectively photoetching the sputter-coated gold film with the aid of 
a masked photoresist. 



SUMMARY OF THE INVENTION 

The present invention relates to porous expanded 
polytetrafluoroethylene (PTFE) material having a microstructure of 

15 nodes interconnected by fibrils and further having at least a 
substantial portion of one surface that is highly hydrophobic as 
indicated by having a water droplet roll-off angle of less than about 
10 degrees. Water droplet roll-off angles for previously available 
porous expanded PTFE surfaces have been greater than about 12 degrees 

20 and are typically greater than about 20 degrees. Porous expanded PTFE 
surfaces having water droplet roll-off angles of less than about 10 
degrees have heretofore been unknown. Some porous expanded PTFE 
surfaces modified according to the present invention have achieved 
roll -off angles as low as about 2 degrees. 

25 The present Invention may be practiced with porous expanded 

materials that are very thin, for example, membranes or films of 
thicknesses as little as about 5 microns. 

By a substantial portion of one surface 1s meant that enough of 
the one surface has been modified to have an effect on the intended 

. 30 performance of the material , where the Intended performance may, for 
example, involve improved bondabllUy, increased hydrophobic^, 
proved resistance to the penetration of a fluid through the material 
or improved filtration ability. 
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The hydrophilicity or hydrophobicity of any surface 1s most 
c-Sy determined by measured of the 

intact angles of distilled water droplets placed onto the horizontal 
stion. However, for purposes of the present inven on, 
5 r pi t roll-off angle measurements have been found to be 

^ferred method for measuring high degrees of hydrophobe, ty. This 

will be further discussed below. 

tt has been found that lengthy exposure to radio frequency r ) 
etching gas plasmas Increases the hydrophobic^ of porous 
„ £ urfaces. This treatment of such a surface by r gas plasma with 
most etching gases Initially results In Increased hydrophilicity. 
Th bTa r 1s known and Is in co«n with the treatment of non- 
l uf E surfaces. This increased hydrophilicity is genera 
explained in terns of chemical changes in the surface «-*■'«"" 
15 Continued gas plasma treats results in the ach.evemeut of a pe 

of hydrophilicity, still the same behavior as non-porous HFE. 
further treats, non-porous PTFE reined .ore hydrophil.c 
than prior to treatment. Porous expanded PTFE. however af er 
achieving a peak value of hydrophilicity, became Increasingly 
20 v bic 1th further treatment and finally approache a max.mum 
e f hydrophobicity that substantial,, exceeded the degree of 
hv r p bicity possessed by the unmodified precursor porous expand 
EST u face This ne.r-«x1»u. level of hydrophobicity „ ,nd,c. ed 
, w r droplet roll-off angle of loss than about 10 degrees and 
, 5 1* I b guen 1, be described herein as "highly hydrophobic." 1 may 
M : , 2 ban an hour of treatment time to achieve. The treatment 
Z l 11 depend primarily on the type of plasma etching gas used and 
Tthe amount of rf power applied. The gas pressure within the 
treatment chamber 1s also a factor. 
3 „ While only rf gas plasma dlscharga has been used « ne™ 

source to craate the modified surface of the present 1n,en n 1t 
believed that other energy sources such « microwave gas Pl""» 

scha~e may also be suitable. Other possible energy sources nclude 
t^TuZ beams and ion beams. Length, treats times or h,gh 
« pnerav levels may be required. 

35 ™i,e man, reactive gases have been found ^be ca^a le o 

increasing the hydrophobicity of a porous expanded PTFE surface, only 
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some of the reactive gases examined were capable of making the surface 
highly hydrophobic as indicated by a water droplet roll-off angle of 
less than about ten degrees. 

The minimum treatment time necessary to produce this highly 

5 hydrophobic surface results in a surface appearance that is 

substantially indistinguishable from the surface of the untreated 
precursor porous expanded PTFE material when both are viewed 
microscopically. Continued treatment beyond the point of Initial 
highly hydrophobic behavior results in a surface appearance containing 

10 broken fibrils, that is, fibrils no longer having both ends connected 
to adjacent nodes. Still further treatment produces a surface from 
which the interconnecting fibrils have been removed entirely leaving 
the portions of the nodes closest to that surface in a freestanding 
condition, that is, no longer Interconnected by fibrils but rather 

15 having open valleys disposed between these freestanding node portions. 
Although the surface morphology undergoes these significant changes as 
indicated first by the appearance of broken fibrils and subsequently 
by the complete removal of fibrils, the high degree of hydrophobicity 
attained prior to the appearance of broken fibrils shows little if any 

20 further increase as Indicated by water droplet roll -off angle 

measurements. The material below this modified surface, as evidenced 
by microscopic views of cross sections of the modified material, 
appears as conventional, unmodified porous expanded PTFE having a 
microstructure of nodes interconnected by fibrils. 

25 Surface modified porous expanded PTFE material, having a 

microstructure of nodes interconnected by fibrils and further having a 
substantial portion of at least one surface comprised of freestanding 
node portions with open valleys disposed between the freestanding node 
portions, is also within the scope of the present invention. This 

30 surface may or may not be highly hydrophobic depending primarily on 
the type of reactive gas plasma used for treatment. 

The manufacture of porous expanded PTFE, the precursor material 
from which the present invention is made, is taught by U.S. Patents 
3,953,566 and 4,187,390. 

35 Porous expanded PTFE having a surface according to the present 

invention may have many applications. For example, it may be possible 
to make. waterproof breathable fabrics of increased performance from 
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the inventive material. Improved biocompatible porous expanded PTFE 
medical implants may also be possible, such as dental implants, 
prosthetic ligaments, sutures, and patch and membrane materials. It 
may also be useful for blood-contact materials such as tubular 
vascular grafts, where a material of increased hydrophobicity may 
prove to have increased antithrombogenic properties. A suture of 
cylindrical shape having a round cross section and made of porous 
expanded PTFE having an outer surface modified by the method of the 
present invention may offer enhanced knot retention. The surface 
modified porous expanded PTFE material may also prove to be a more 
effective filtration material in certain applications because of its 
increased hydrophobicity. The modified material surface may also 
possess enhanced bondability in comparison to unmodified precursor 
material. It is expected that a modified surface having increased 
hydrophobicity may improve the flotation characteristics of fly 
fishing lines having an outer surface of porous expanded PTFE. Wire 
insulations having an outer surface of porous expanded PTFE may also 
benefit from the modified surface of the present invention. 



BRIEF DESCRIPTION OF THE DRAWINGS 

20 Figure 1 is a drawing of a device used for measuring water droplet 

roll-off angles for the material samples of this invention. 
Figure 2 shows a pictorial representation of an enlarged cross 

sectional view of a precursor porous expanded PTFE material prior 

to plasma treatment. 
25 Figure 2A shows a pictorial representation of an enlarged cross 

sectional view of the material of Figure 2 after rf gas plasma 

treatment with a reactive etching gas. 
Figure 3 shows a graph of the change in water droplet roll-off angles 

of both non-porous PTFE and porous expanded PTFE surfaces as a 
30 function of different treatment times by rf glow discharge gas 

plasma using nitrogen trifluoride (hereinafter NF 3 ) gas. 
Figure 4 shows a scanning electron photomicrograph (x500) of 

the surface of a porous expanded PTFE material (GORE-TEX® Soft 

Tissue Patch) prior to rf gas plasma treatment. 
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Figure 4A shows a scanning electron photomicrograph (x500) of 

a perspective cross sectional view of the material of Figure 4 
prior to rf gas plasma treatment. 
Figure 5 shows a scanning electron photomicrograph (xlOOO) of 
5 the surface of the same material as shown by. Figure 4 after 2 

minutes of rf gas plasma treatment with NF 3 gas to make the 
surface hydrophllic. 
Figure 5A shows a scanning electron photomicrograph (x500) of a 
perspective cross sectional view of the material of Figure 4A 
10 after 2 minutes of rf gas plasma treatment with NF 3 gas to make 

the surface hydrophilic. 
Figure 6 shows a scanning electron photomicrograph (xlOOO) of 

the surface of the same material as shown by Figure 4 after 10 
minutes of rf gas plasma treatment with NF 3 gas to make the 
15 surface highly hydrophobic. 

Figure 6A shows a scanning electron photomicrograph (x500) of 

a perspective cross sectional view of the same material as shown 
by Figure 4A after 10 minutes of rf gas plasma treatment with NF 3 
gas to make the surface highly hydrophobic- 
20 Figure 7 shows a scanning electron photomicrograph (xlOOO) of the 
surface of the same material as shown by Figure 4 after 15 
minutes of rf gas plasma treatment with NF 3 gas resulting in 
broken fibrils at the material surface. 
Figure 7A shows a scanning electron photomicrograph (x500) of a 
25 perspective cross sectional view of the same treated material as 

shown by Figure 4A after 15 minutes of rf gas plasma treatment 
with NF 3 gas resulting in broken fibrils at the material surface. 
Figure 8 shows a scanning electron photomicrograph (x500) of the 
surface of the same material as shown by Figure 4 after 60 
30 minutes of rf gas plasma treatment with NF 3 gas resulting in 

removal of the fibrils from the material surface leaving the 
surface comprised of a series of freestanding node portions with 
open valleys disposed between the freestanding node portions. 
Figure 8A shows a scanning electron photomicrograph (x200) of a 
35 perspective cross sectional view of the same material as shown by 

Figure 4A after 60 minutes of rf gas plasma treatment with NF 3 
gas resulting in removal of the fibrils from the material surface 
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, slrlTof freestandln, -ode portions with open valleys 
OUposed between the MUrtO) node P^«™; 

F)9Ure 9A shws . — ^jrriss :i shown » 

ST-TliS - rf ,as treats «n; .«r 

„ a function of different treatment tines to glow discharge 
irrdrrr^«.rUpr,rtorf 9 .sp,s M 

t e rel al of fibril, fro. the surface leaving the surface 
CseTof freestanding node portions bavin, open valleys 
disposed between the freestandln, node P» rtt »" s ; 

3 , the surface comprised of freestanding -*J.P-*"~ 
having open valleys disposed between the freestand,n, node 

portions. 
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DETAILED DESCRIPTION OF THE INVENTION 

All work described herein was done using a model B12 plasma unit 
from Advanced Plasma Systems, Inc., St. Petersburg, Florida. Typical 
surface treatment times ranged from about ten minutes up to as long as 
about two hours per sample, however, reduced times may be possible 
with the use of higher rf power. The preferred plasma gas has been 
NF (A1r Products, Allentown, Pa.), however, similar results have been 
achieved with air, argon, oxygen, ammonia and Polyetch™ (Matheson Gas 
Products, Inc., Utica, California). Suitable gases are those capable 
of producing etching or ablation of the PTFE surface. Polymerizing 
gases, that is gases producing a surface coating of another material, 
are not suitable. All surface treatments were done at a frequency of 
13.56 MHz, chamber pressure of 0.300 torr and 300 watts power unless 

noted otherwise. 

2.5 x 7.5 x 0.020 centimeter samples of porous expanded PTFE 
GORE-TEX Soft Tissue Patch material (W. L. Gore and Associates, Inc. 
Elkton MD) were cut and placed into a special holder that gripped the 
edges of the sample while leaving the surfaces of the sample exposed. 
The holder with samples was placed inside the treatment chamber of the 
B-12 series plasma unit. The square aluminum chamber was of 30.5 
centimeters per side having a grounded aluminum electrode in the form 
of a 23 centimeter per side, square, flat, perforated plate placed 
vertically in the middle of the chamber and two powered aluminum 
electrodes of the same size and shape placed vertically on each side 
of the grounded electrode with their surfaces parallel to the surface 
of the grounded electrode. The spacing between electrodes was 
approximately 6.5 centimeters. The samples were suspended vertically 
between the electrodes with the surfaces to be treated facing a 

powered electrode. 

The chamber was evacuated to 0.020 torr pressure and the desired 
plasma gas was allowed to flow freely through the chamber for 5 to 10 
minutes. The pressure was adjusted to 0.300 torr using a flowmeter 
mounted on the inlet side of the chamber. After the pressure 
stabilized at 0.300 torr a plasma was ignited at a 300 watt power 
level and maintained at these conditions during the treatment. 
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5 measurements of water drop rts wfire 

Th. average volume of a water droplet was 0.04 of. 

close to the ieve continued treatment next 

results m breakage o surfaces amj 

u cowlete removal from the lev e ft PP 

inward to seme ^^^^ Prolonged treatment 
treatment Increases t P 1 ^ app6ars t0 

results in microscopically visible noo 
ultimately limit the maximum achievable ept • M 
20 can be explained b, the assumed slower f * > « , f ^ 
depth. This maximum achievable d P« a pe « 
mtcrostructure of the precursor material as well 
application parameters. flW 1i 

25 have been entirely ^tending condition, that is, 

th 7° d " S fli* n ectin, these freestanding node 

no longer having fibrils these 

portions but rather hav ng op « ( ^ ^ „ 

freestanding node portions. » «W r , 
30 the valleys, are generally " 1. e 

of the microstructure has been mod, e o£ t t ^ 

35 : aos 4 ^ 035 and «.«7.«. ere thus not within the scope of 
the present invention. 
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The best mode of practicing the present invention is believed to 
be the use of rf gas plasma discharge with NF 3 gas to modify a porous 
expanded PTFE surface for a long enough time to create a 
omprised of freestanding node portions having open valleys disposed . 
5 Ze n the freestanding node portions. NF, is preferred because t 
is readily available, is relatively economical , retires less etching 
time than other gases examined heretofore and produces a highly 
hydrophobic surface. 

The increased hydrophoblcUy of the plasma treated porous 
10 expended PTFE surfaces, as Indicated b, either higher water droplet 
10 act angles or by lower water droplet roll-off ««- 

to be a result of the water droplet resting on a reduced surfa e area 
of the modified material. It 1s believed that plasma treaty 
initially causes depression of the fibrils fro. the level of e upper 
» node surfeces. followed by breakage of those fibrils end finally 

followed by the entire removal of fibrils from the surf ce. Thus ,t 
appears that when hydrophobics of the surface modified porous 
expanded PTFE is measured by the use of a water droplet t at t 
droplet is only in contact with the upper node surfaces and that very 
L If any. of the fibrils closest to the surface are ,n contact with 
he'water droplet. This is in contrast to the unmodified matena 

r both he upper node surfaces and the fibrils closest to the 
laterial surface are beHeved to be in contact with the water droplet. 

The hydrophilicity or hydrophobic^ of any surface .s most 
commonly determined by measurements of the •A""** * 
contact angles of distilled water droplets placed onto the horizontal 
surface in question as taught by ASTM D 724-45. Material surfaces 
havin, water droplet contact angles less than go decrees are 
considered to be hydrophlHc while contact angles greater than 90 
30 degrees Indicate hydrophobicity. A typical porous expanded PTFE 

surface that has not been modified according to the present Inve on 
, a water droplet contact angle of about 120 to 160 degrees wh1l 
h s o that ha,e been modified as taught herein have contac 
al ls generally creator than about .70 degrees. Apparen 1, , du t 
35 the increased roughness of the modified surfaces, .t is diff cult to 
achieve consistent water droplet contact angle measurements because of 
increased hysteresis between the advancing and reced.ng contact 
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^ intact anale approaches 180 degrees, the 
ang Us. Furthers * « * « ^ ^ due t0 

„„e becomes ^ f ^ J* jrop , et „„„„ „ gle 

1rre ' ' t a bl * nd t. be the preferred .ethod of »easur,n 9 

the hydrophobics ot rouy dr0D i e t roll-off angle 

modified by the present invention. 

be more 

Sc.ence 1990 39 f 9 - 264 ; use0 t0 ^ur. water droplet roll- 

Figure 1 shows the apparatus 

off ang.es for hydr.ph.b1c.ty rf , tat the 

l ° * T! " tfa^t th ' rilrracfu. - ad 3 ust™t 
B is unifomly n c.nt t w t p ^ ^ ^ ^ ^ 

too,, H connected to a right «H 9 horUon tally .Hented. 

piane surface 11 ebou » £ * f f0rc6 of srav)ty . A 

th8t t IrT U P .d^t and perpendicu.ar t. the plane 
protract r IX «» «t up J ^ >llowtng <tjy 

surface 11 with its center 

Bsa sure«nt of the angle ^J^^^J^ a h.rUonte. 
horizontal, in use, t e pi. e urfac 11^ P ^ u 

portion and a material san»le 12 . .Heed »» 
so that It un.for.ly contacts the , . an «r ^ * ^ 

U t ,! ' 'h ^ r S to cause slow rotat.on 
The #M » ° H ^ ™; » a „ „ gular velKtty of 
of the plane surface 11 about axis 15 at » 
appr.xi.ate1, one degree per second W e he w ter d p 
uroll off of the surface .f the »teri. ^ U, " 

^^^1^- L placed onto a 

described herein, the data represent the averag 
'•^r^nloff .n,les for unified porous expanded PTFF 
surfaces Ire typ.cally greater than by 
droplet roll-off angles of porous expanded PTFE surfaces 
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the method of the present invention are typically less than about 10 
decrees. The lowest water droplet roll-off angle of known porous 
expanded PTFE surfaces has been that of the luminal surface of 0RE- 
TEX Vascular Graft material (W. L. Gore and Associates, Inc., Elkton, 
HD), which typically measures about 12 degrees. • 

Figure 2 is a pictorial representation of a cross sectional view 
of a precursor porous expanded PTFE material prior to any 
modification. This figure shows the microstructure of nodes 21 
interconnected by fibrils 22. The surface of the material 1s 
comprised of upper node surfaces 21 and fibrils 21 closest to the 
surface. Figure 2A is a pictorial representation of a cross sectional 
view of the same material after rf gas plasma treatment to modify the 
surface to the extent of removing fibrils from the surface.. This 
figure shows freestanding node portions 25. with open valleys 2S 
disposed between the freestanding node portions 25,. The modified 
surface of the material 1s comprised of the freestanding node portions 
25 and fibrils 24 closest to the surface. The fibrils 24 closest to 
the surface now form the floors of the open valleys 21- The 
microscopically visible freestanding node portion, 21 are comprised of 
upper node surfaces 21 and exposed vertical node surfaces 22 no longer 
having interconnecting fibrils attached. . 

Figure 3 shows a graph of the change in water droplet roll-off 
angle of a porous expanded PTFE material surface in comparison to a 
non-porous PTFE surface when samples of both materials were treated 
with rf gas plasma for varying amounts of time. Water droplet roll- 
off angle 1s plotted on the vertical axis against treatment time on 
the horizontal axis. The plasma gas used was NF 3 . The porous 
expanded PTFE material was GORE-TEX Soft Tissue Patch. 

As shown by the graph of Figure 3, the porous expanded PTFE 
surface became increasingly wettable or hydrophilic as the surface was 
initially treated by gas plasma discharge. A maximum water droplet 
roll-off angle of about 80 degrees was achieved after about two 
minutes of treatment. Further treatment, however, resulted in a 
decrease in hydrophiliclty. As treatment continued, the porous 
expanded PTFE surface surpassed the degree of hydrophobicity it 
possessed prior to any treatment and became increasingly hydrophobic 
until a maximum degree of hydrophobicity was approached after about 
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• of treatment, as indicated by a water droplet roll-off 
fur .ther significant increase U « d 1. «9-« 3 showed 

* * thp untreated precursor porous expanded PTFE material 

of 29 degrees « - » - ration 'of the _ 
a photomcrograph x50 ) . « » » , ,„ the lmrer 

untreated precursor Mterial. tor g ^ 

rr-r-'-S TperUre. ™, p-----':; ;l 

,1V perspective cross S ections.shown herein . g«™ «M * 
o, the same ..tertal that h s been g 

*T f ".£ Tan o s 5 : h -ore h nr.ph.Hc than the notified 
! rfec ^ . h < -"and «. the -If* treated and entreated 
surface snown oy a wUuallv distinguishable. Figures 6 

— ,or 10 - ,nut r "jss 5 EE id F ;rr.och 

Although the plasma treated surface or ngur* 

Aimuuyii vi k ..* 4a j e „rfare of Figures 4 and 4A, the 

hydrophobic than the unmodified surface or ng 

Inified treated and untreated surfaces appear to be visually 

microscopy, it is beiievea i the 
10 minute NF, plasma treated sample shown by Figures 
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result of the fibrils nearest the material surface being lowered or 
depressed downward away from the material surface. 

Figures 7 (xlOOO) and 7A (x500) are photomicrographs of the same 
porous expanded PTFE surface and perspective cross section that has 

5 been NF 3 gas plasma treated, this time for 15 minutes, as described by 
the graph of Figure 3. The broken fibrils of the plasma treated 
surface of Figures 7 and 7A are apparent. Figures 7 and 7A show also 
the upper node surfaces to be somewhat elevated above the adjacent 
interconnecting fibrils as a probable result of the removal by etching 

10 of some surface fibrils. The photomicrograph of Figure 7 suggests 
subjectively that about 20 percent of the fibrils comprising the 
surface have been broken. Typical precursor materials do not appear 
to contain more than about 1 percent of broken fibrils out of the 
total number of fibrils visible at their surface. It is believed t at 

15 a surface containing more than about 5 percent visible broken fibril, 
within the surface 1s unique to the highly hydrophobic material of the 

present invention. . 

Figures 8 (x500) and 8A (x200) show a surface and perspective 
cross sectional view of the same material that has been NF 3 gas plasma 
20 treated even longer, this time for 60 minutes as described by the 
" graph of Figure 3. Figures 9 (x500) and 9A (x200) show a surface and 
perspective cross sections of the same material that has been exposed 
to gas plasma treatment with air for a period of 120 minutes. These 
figures all show a surface from which the fibrils have been entirely 
25 removed from between the node portions closest to the surface so that 
~ the surface morphology is now comprised of freestanding node portions 
having open valleys disposed between the freestanding node portions 
The valley floors are comprised of fibrils closest to the surface As 
with the sample surface shown by Figures 7 and 7A, the surfaces of 
30 Figures 8 and 8A are highly hydrophobic but only very slightly more 
than the sample surface shown by Figure 6. The comparative water 
droplet roll-off angle data is shown by the graph of Figure 3. The 
surfaces shown by Figures 9 and 9A are not highly hydrophobic, having 
a water droplet roll-off angle of about 18 degrees. 
35 Figure 10 1s a graph of water droplet roll-off angle versus 

treatment time for surface treatment of porous expanded PTFE (GORE-TEX 
Soft Tissue Patch) for different types of gases. Air, NF 3 , argon, 
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• ,„d Polveteh are shorn. All treatments shown 
oxygen, a«a»nia and Polyetcn a rf comprised 

ultimately produced Increased " djspMed ^ the 

of fre estand1ngnode portions h« £ . « ^ ^ 

freestanding node port ons. «°«™' 8 s „ rfaces „ av1 „ g 
, highly hydrophobic ten degrees. Very 

water droplet roll-off angles grea Afferent gases 

lntl . difference was seen t. res It fr» h «• 

as 10 „, as the chosen gas was a £1 * £• „ „ 

„ rr.. t show, is the tu„,na, surface of the 

vascul F ;;r; 2 - depicts . •i—^sns cr' 

Grl ft M te 1 e Why , |H was 30 n , nutes . The 

25 for 120 minutes. 
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I Claim: 



1 Porous expanded polytetrafluoroethylene having a mi crostructure 
of nodes interconnected by fibrils, comprising a three 
dimensional material having surfaces and having a water drop et 

5 roll-off angle of less than about 10 degrees on a substantial 

portion of at least one surface. 

2 Porous expanded polytetrafluoroethylene according to claim 1 
wherein the water droplet roll-off angle is less than about 8 
degrees. 

10 3 Porous expanded polytetrafluoroethylene according to claim 1 
wherein the water droplet roll-off angle is less than about 6 

degrees. , 

4 Porous expanded polytetrafluoroethylene according to claim 1 
wherein the water droplet roll-off angle is less than about 5 

15 degrees. . 

5 Porous expanded polytetrafluoroethylene according to claim 1 
wherein the water droplet roll-off angle is less than about 4 
degrees. 

6 Porous expanded polytetrafluoroethylene according to claim 1 
20 ' wherein the water droplet roll-off angle is less than about 3 

degrees. . 

7 Porous expanded polytetrafluoroethylene according to claim 1 
wherein the three dimensional material is in the form of a 
tubular shape having an inner surface and an outer surface and 
the at least one surface comprises the inner surface of the 



tubular shape. 

8. Porous expanded polytetrafluoroethylene according to claim 7 
wherein the tubular shape is a vascular graft. 

9. Porous expanded polytetrafluoroethylene according to claim 7 
wherein the tubular shape is a filter. 

10. Porous expanded polytetrafluoroethylene according to claim 7 
wherein the tubular shape is a wire insulation. 
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„ porous expanded pol,tetraflu.roeth,lene according .claim 1 
Z at W 0"= «"> ris " ** " t " r 

12 ; STCL ,1^.^. accord,,, to claim U 

16. Porous expanded polytetrafi uoro , j fm 

wherein the three dimensional material is in 

„ porous expanded polytetrafluoroethylene according to claim 16 

r r „ * ,u oat 4. a laver of a garment material. 

! • *ho flat sheet is an implantable patch. 

wherein the flat sheet is an ImpUntah 
Porous expanded polytetrafluoroethylene »«»™" 9 " 

- i 

freestanding node portions. 
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24 Porous expanded polytetrafluoroethylene according to claim 23 
wherein the porous expanded polytetrafluoroethylene has a water 
droplet roll -off angle of less than about 10 degrees. 

25. Porous expanded polytetrafluoroethylene according to claim 23 

5 ' wherein the porous expanded polytetrafluoroethylene has a water 
droplet roll -off angle of less than about 8 degrees. 

26. Porous expanded polytetrafluoroethylene according to claim 23 
wherein the porous expanded polytetrafluoroethylene has a water 
droplet roll-off angle of less than about 6 degrees. 

10 27. Porous expanded polytetrafluoroethylene according to claim 23 
wherein the porous expanded polytetrafluoroethylene has a water 
droplet roll -off angle of less than about 4 degrees. 
. 28. Porous expanded polytetrafluoroethylene according to claim 23 
wherein the three dimensional material is in the form of a 

15 tubular shape having an inner surface and an outer surface and 

the at least one surface comprises the inner surface of the 
tubular shape. 

29. Porous expanded polytetrafluoroethylene according to claim 28 
wherein the tubular shape is a vascular graft. 
20 30. Porous expanded polytetrafluoroethylene according to claim 28 

wherein the tubular shape is a filter. 

31. Porous expanded polytetrafluoroethylene according to claim 28 
wherein the tubular shape is a wire insulation. 

32. Porous, expanded polytetrafluoroethylene according to claim 23 
25 wherein the three dimensional material is in the form of a 

tubular shape having an inner surface and an outer surface and 
the at least one surface comprises the outer surface of the 
tubular shape. 

33. Porous expanded polytetrafluoroethylene according to claim 32 
30 wherein the tubular shape is a vascular graft. 

34. Porous expanded polytetrafluoroethylene according to claim 32 
wherein the tubular shape is a filter. 

35. Porous expanded polytetrafluoroethylene according to claim 32 
wherein the tubular shape is a wire insulation. 

35 36. Porous expanded polytetrafluoroethylene according to claim 32 
wherein the tubular shape is a fly line outer surface. 
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a „Hpd nolvtetrafluoroethylene according to claim 23 

3g . roruua K . of a g arm ent material. 

wherein the flat sheet is a layer or g ^ 
40 Porous expanded polytetrafluoroethylene according 
w *„ thp flat sheet is an implantable patch. 

„ -r"- to c,a,m 37 

T „ I flat sheet ts en liplantable me.brene. 

. rrrrr^".^ ■ 

" „„ereii> the cyllndrlcel shepe is e suture. 

«. Method o f . -;:r:: l 

pCtetrefluuroethyleue « t. , P - of „ odes 

■ poW r.f,u.roeth, ^ , f c^risin, e*posie 9 the 

i„terceenected by d1schlr „e with e reactive 

:» :« ™ et Mn-.ff -i. * i« *- -* »zr>- 

has a water u " u k 0¥ . 0 i n at least a substantial 

A aethod eccordin, te c «. fcr I- rf ^ 

portion of the surface has a water orupi 

than about 8 degrees. substantial 

«. A .ethod ^»££?jZZ?«^«f an 9 le of Uss 
portion of the surface has a water or v 

than about 6 degrees. substantial 

„. A method * ° f ^ 

portion of the surface has a water arop 

than about 4 degrees. 
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48. A method of modifying a surface of a porous expanded 
polytetrafluoroethylene material said porous expanded 
polytetrafluoroethylene Serial having a microstore of nodes 
interconnected by fibrils, said method Rising exposing he 
surface to a reactive gas plasma discharge until the fibrils are 
removed from at least a substantial portion of the surface and 
the surface is comprised of freestanding node portions with open 
valleys disposed between the freestanding node portions. 
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